Streptococcus pneumoniae is the main causative organism for community-acquired pneumonia worldwide (21, 31). The prevalence of penicillin-resistant S. pneumoniae (PRSP) and multidrug-resistant S. pneumoniae (MDRSP) has increased during the past decade (2, 13, 16), and some pneumococcal isolates have developed high-level resistance to expanded-spectrum cephalosporins (5). In addition, resistance to fluoroquinolones is emerging, and treatment failures for levofloxacin have been reported (12, 14, 17, 32) . Previously, we demonstrated that a parC mutation facilitates the enrichment of highly fluoroquinolone-resistant mutants in an in vivo model of pneumococcal pneumonia during treatment with fluoroquinolones administered using a simulated human dosing regimen (8, 9, 10, 15) .
Streptococcus pneumoniae is the main causative organism for community-acquired pneumonia worldwide (21, 31) . The prevalence of penicillin-resistant S. pneumoniae (PRSP) and multidrug-resistant S. pneumoniae (MDRSP) has increased during the past decade (2, 13, 16) , and some pneumococcal isolates have developed high-level resistance to expanded-spectrum cephalosporins (5) . In addition, resistance to fluoroquinolones is emerging, and treatment failures for levofloxacin have been reported (12, 14, 17, 32) . Previously, we demonstrated that a parC mutation facilitates the enrichment of highly fluoroquinolone-resistant mutants in an in vivo model of pneumococcal pneumonia during treatment with fluoroquinolones administered using a simulated human dosing regimen (8, 9, 10, 15) .
Ceftaroline (CPT) is a novel, parenteral, broad-spectrum cephalosporin exhibiting bactericidal activity against Grampositive organisms, including methicillin-resistant Staphylococcus aureus (MRSA) and MDRSP as well as common Gramnegative pathogens (26, 28, 29) . Ceftaroline recently received Food and Drug Administration (FDA) approval for use in treatment of acute bacterial skin and skin structure infections and community-acquired bacterial pneumonia. CPT was highly active against community-acquired pneumonia bloodstream isolates, including penicillin-intermediate S. pneumoniae (PISP; MIC of 0.12 to 1.0 mg/liter) and penicillin-resistant S. pneumoniae (MIC Ն 2 mg/liter) strains (25) . MIC values for CPT against S. pneumoniae isolates are very low (MIC 90 ϭ 0.015 mg/liter for penicillin-susceptible S. pneumoniae [PSSP] [MIC Յ 0.06 mg/liter] and MIC 90 ϭ 0.12 to 0.25 mg/liter for PRSP) (4, 18, 25) . In these in vitro studies, CPT MICs were 8 to 16 times lower than those of ceftriaxone (CRO) against PRSP.
The present study was designed to investigate the in vivo efficacy of a 48-hour simulated human dose regimen of CPT (600 mg per 12 h) compared with CRO (1 g per 24 h) against isolates of S. pneumoniae with different susceptibilities to penicillin in a rabbit pneumonia model.
MATERIALS AND METHODS
Bacterial strains, growth conditions, and antibiotics. Susceptibility breakpoints from January 2008 for S. pneumoniae were used (i.e., penicillin MICs of Յ2, 4, and Ն8 mg/liter for susceptible, intermediate, and resistant S. pneumoniae, respectively, and ceftriaxone MICs Յ1, 2, and Ն4 mg/liter for susceptible, intermediate, and resistant S. pneumoniae, respectively, for patients with nonmeningitis syndromes treated with intravenous [IV] therapy) (6 CRO-S PSSP and CRO-S PISP isolates were obtained from the Centre National de Référence des Pneumocoques, Paris, France. PRSP was kindly provided by K. Heilmann (Medical Microbiology Division, University of Iowa College of Medicine). The MICs for CPT, CRO, and PEN for these isolates are listed in Table 1 .
Bacteria were grown in 5% CO 2 in brain heart infusion broth (bioMérieux, Marcy l'Etoile, France) or on sheep blood agar plates (bioMérieux). Bacterial stocks were kept at Ϫ80°C in brain heart infusion broth supplemented with 15% (vol/vol) glycerol. Stock cultures were replenished every month with isolates recovered from untreated infected rabbits.
For in vitro studies, active ceftaroline (CPT) (lot M599-R1001; Cerexa, Inc., Alameda, CA) and CRO (Sigma-Aldrich, Saint Quentin Fallavier, France) were reconstituted according to the manufacturer's instructions. For rabbit studies, the commercial form of CRO was reconstituted with sterile saline, and the prodrug of CPT (ceftaroline acetate; lot 44027700014) was used to prepare the dosage solution in 1.9% arginine according to the procedure provided by Cerexa, Inc.
In vitro susceptibility testing methods. Isolates were tested for susceptibility to CPT and CRO by a standard dilution method in agar according to the Comité de l'Antibiogramme de la Société Française de Microbiologie guidelines and interpretive criteria (7) .
Time-kill studies. The bactericidal activities of CPT and CRO were determined by time-kill studies. These studies were performed in triplicate with the antimicrobial agents tested at concentrations equal to 2, 4, and 8 times the MIC (Table 1) . Following growth in antibiotic-containing media for 0, 2, 4, and 24 h, viable counts were determined by plating dilutions of the cultures on sheep blood agar. The limit of detection was 1 log 10 CFU/ml.
Preparation of the inoculum. Before each animal experiment, the pneumococcal strain from one frozen aliquot was inoculated into brain heart infusion broth, cultured on agar plates, and incubated for 24 h at 37°C in 5% CO 2 . Twenty-five to 30 colonies were taken and inoculated into 9 ml of brain heart infusion broth, incubated for 6 h at 37°C, and then cultured on agar plates for 18 h at 37°C in 5% CO 2 . This culture was diluted in physiologic saline to obtain a final inoculum of 5 ϫ 10 9 CFU in 0.5 ml of saline. Viable bacterial counts were determined using optical density measurements in reference to a standard curve and then confirmed by using successive dilution cultures and plating on agar.
Animals. Immunocompetent male New Zealand rabbits (body weight, 2.8 to 3 kg) were used in the present study. Animals were placed in individual cages and nourished ad libitum with drinking water and feed according to current recommendations. The experimental protocol was approved by the local ethics committee for animal experiments.
Experimental pneumonia model. Production of pneumonia in immunocompetent rabbits and the installation of two central venous catheters (one for infusion drug and one for blood sampling) were performed as previously described (11, 27) . Briefly, 24 h after jugular catheterization, bacterial pneumonia was induced by endobronchial challenge of the animals with 0.5 ml of saline containing 5 ϫ 10 9 CFU of the strain to be tested. Animals were randomly assigned to control group (no treatment) or to an antibiotic regimen 5 h after bacterial challenge. Six to eight animals were used in each group.
Antibiotics (for treated rabbits) or saline water (for control rabbits without treatment) were delivered through the first central venous catheter with infusion rates controlled by a computer-controlled electric pump and at doses that simulated antibiotic kinetics observed in human serum as follows: (i) 1 g of CRO given intravenously once daily (a 1-g dosage was chosen in accordance with the recommendations for the treatment of nonsevere, hospitalized, community-acquired pneumonia [CAP] in several countries [30, 33] , 1 to 2 g per day being the dosage recommended for the treatment of severe CAP) and (ii) 600 mg of CPT given IV twice a day. The total doses needed to achieve the human dosage were 71 and 82 mg/kg of body weight/24 h for CRO and CPT, respectively. Antibiotic treatment was continued for 2 days.
Intramuscular (IM) administration of CPT was also studied in the rabbits infected with the CRO-R PRSP strain. The 5-mg/kg CPT (n ϭ 5) and 20-mg/kg CPT (n ϭ 5) doses were evaluated following administration twice daily (every 12 h) by injection into the right thigh of the animal.
Pharmacokinetic analyses. The parameters needed to simulate the kinetics of CPT and CRO in human serum were initially investigated. After a 1-hour bolus of 10-mg/kg CPT or CRO, iterative blood samples were taken from healthy rabbits to determine spontaneous drug kinetics. Using a microbiological assay to determine serum drug concentrations, the pharmacokinetic (PK) data were compared with those for humans following the normal dosing regimen. A computer-controlled system was used to deliver CPT or CRO in rabbits to mimic the PK parameters observed in healthy humans after 600 mg of CPT administered over 1 h (mean half-life [t 1/2 ] ϭ 2 h and maximum concentration in serum [C max ] ϭ 18 to 20 mg/liter [19] ), or 1 g CRO given over 30 min (mean t 1/2 ϭ 6 h and C max ϭ 150 mg/liter [20, 24] ). Pharmacokinetic data were analyzed using Kinetica software (Innaphase, Philadelphia, PA).
Antimicrobial concentrations in serum. For each animal, the concentrations of antibiotics in serum were determined from iterative blood samples, obtained through a second catheter. Treated rabbits were bled about 8 to 10 times per 48 h (about 1.5 ml per sample and the total volume of blood samples during the experiment was less than 10% of the total blood volume of the animal). Samples were centrifuged for 10 min at 10,000 ϫ g, and serum was removed. CPT and CRO concentrations were determined in triplicate by a disk plate bioassay method with antibiotic medium II (Difco Laboratories, Detroit, MI) and Bacillus subtilis (for CPT) or Proteus mirabilis (for CRO) as the indicator organisms. The standards were prepared in saline water. The limit of detections were 0.25 mg/liter for CPT and 0.5 mg/liter for CRO. The linearity of the standard curves used for disk plate bioassays was at least 0.98 (coefficient of correlation [r 2 ]). Protein binding of CRO and CPT to serum proteins was also performed by ultrafiltration methods on rabbit plasma at different concentrations (5, 50, and 150 mg/liter). After centrifugation through 20,000-molecular-weight cutoff filters, serum ultrafiltrates were analyzed for CRO or CPT by a bioassay. The amount of antibiotic able to pass through the filter represents the unbound portion of drug in serum. The amount of nonspecific binding was evaluated on protein-free plasma filtrate (50 mg/liter only).
Evaluation of infection. The rabbits were anesthetized and sacrificed 2 h after the end of the 48-hour antibiotic infusion. The spleen and each pulmonary lobe were weighed and homogenized in 5 ml of sterile saline (MiniMix; Intersciences, France). Bacteria were counted in a sample of this crude homogenate by plating 10-fold dilutions on sheep blood agar and incubating the plates for 24 h at 37°C. Bacterial concentrations in each lobe and in the spleen were determined after adjusting for weight. The threshold value was 1 log 10 CFU/g. For statistical comparisons of the difference between the pulmonary bacterial densities, culture-negative lobes were considered to contain 1 log 10 CFU/g. For each rabbit, the mean pulmonary pneumococcal concentration was calculated according to each lobar bacterial concentration with lobar weight [e.g., mean concentration ϭ ͚(lobar concentration ϫ lobar weight)/͚(lobar weights)].
Pharmacokinetic-pharmacodynamic analysis. From the individual pharmacokinetics of each treated animal, the following PK-PD (pharmacodynamic) parameters were calculated: cumulative percentage of a 24-h period that the drug concentration exceeds the MIC (%TϾMIC), area under the curve (AUC)/MIC ratio, C max /MIC ratio, and AUC that exceeds the MIC (AUCϾMIC).
Statistical analysis.
The results were expressed as means Ϯ standard deviations (SDs). Quantitative variables were compared to Mann-Whitney test or analysis of variance and eventually completed by a posthoc analysis using Bonferroni's test. Percentages were compared using the Fisher exact test. The quantitative relationships between antimicrobial efficacy and each of the PK-PD parameters were determined using an E max model (Hill formula) with SigmaPlot software (version 9.0).
RESULTS

MIC and time-kill curves.
The MICs for CPT, CRO, and PEN for the PSSP, PISP, and PRSP isolates used to induce pneumonia are shown in Table 1 . The MICs of CPT were lower than those of CRO. Both CPT and CRO were bactericidal after 24 h of exposure in vitro for all concentrations tested (2, 4, or 8 times the MIC) for each strain (PSSP, PISP, and PRSP) (Fig. 1) . For PISP and PRSP strains, the bactericidal effects for CPT and CRO were exerted more slowly than for the PSSP strain.
Pharmacokinetic simulation of IV treatments like the human dosing regimen. Serum drug concentrations obtained after simulated human dosing of rabbits with CRO and CPT are shown in Fig. 2 . The corresponding PK parameters (C max , minimum drug concentration in serum [C min ], and area under the concentration-time curve from 0 to 24 h [AUC 0-24 ]) are presented in Table 2 . There was good agreement between the human PK parameters and those reproduced in rabbits during these studies. 
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Following IM administration of CPT at dosages of 5 mg/kg or 20 mg/kg twice daily, the mean C max s Ϯ SDs were 2.8 Ϯ 0.2 and 12.2 Ϯ 0.2 mg/liter, respectively. Additional data on the pharmacokinetic parameters following IM administration are presented in Table 2 .
Protein binding. For ceftaroline, the nonspecific binding at 50 mg/liter was 30%, and the level of protein binding corresponded to a mean of 47% with a free drug percentage of 53%. Conversely, the level of protein binding for ceftriaxone was variable, depending on the concentrations tested (66% for high concentrations in plasma and 95.5% for low concentrations in plasma).
Antimicrobial effects of CPT and CRO using simulated human dosing in a rabbit model of experimental pneumococcal pneumonia. None of the animals died in the first 48 h after infection regardless of the S. pneumoniae strain used or treatment tested. At the start of therapy, the mean pulmonary bacterial concentration was 8.73 Ϯ 0.54 log 10 CFU/g. All rabbits in the control group (no treatment) were septicemic with high bacterial concentrations in the spleen (ranging from 4 to 4.91 log 10 CFU/g).
Both CPT and CRO were effective in treating pulmonary infection caused by CRO-S PSSP or CRO-S PISP isolates. Complete bacterial eradication in the lungs and spleen was observed after 2 days of treatment (Fig. 2) .
Against PRSP, 2 days of treatment with IV CPT demonstrated excellent bactericidal activity in vivo compared to the controls (no treatment) (P Ͻ 0.001). CPT treatment was associated with complete bacterial eradication in the spleen and nearly complete eradication in lungs (Fig. 2) . This activity was consistent across all animals tested and correlated with the in vitro activity of CPT. In contrast, after IV CRO treatment, bacterial counts in the lungs of rabbits infected with the same PRSP strain were not significantly different from those of the controls (Fig. 2) . Bacterial reductions in the spleen, however, were significant (P Ͻ 0.05).
Intramuscular administration of CPT for 2 days at both dosages tested was very effective against PRSP pneumonia, a Pharmacokinetics of a model simulating the human dosing regimen in rabbits using ceftriaxone equivalent to 1 g given intravenously (IV) daily, ceftaroline equivalent to 600 mg given IV twice daily, or ceftaroline at a dose of 5 mg/kg given intramuscularly (IM) or a dose of 20 mg/kg given IM twice daily for 48 h (expressed as the total drug fraction).
b PK, pharmacokinetic; C max , maximum drug concentration in serum; C min , minimum drug concentration in serum; AUC 0-24 , area under the concentration-time curves from 0 to 24 h.
c Human pharmacokinetic data for ceftriaxone are expressed as a range because of the large variation that has been reported (20, 24) .
with the highest activity observed in the 20-mg/kg twice-daily group (Fig. 3) . Bacterial reductions in the lungs and spleen after CPT treatment were statistically significant compared to the counts for control animals. In the spleen, a 3-log-unit reduction was obtained with the 5-mg/kg twice-daily dosage and complete eradication was achieved with the 20-mg/kg twice-daily dosage of CPT. Pharmacodynamic analysis. The %TϾMIC, AUC/MIC, and C max /MIC values for both antibiotics are shown in Fig. 4  (for total drug) . As expected for cephalosporin antibiotics, %TϾMIC was the PD parameter that best predicted the efficacy of both drugs. A %TϾMIC of 40 for CPT (50% effective concentration [EC 50 ] ϭ 30%) was associated with complete eradication of bacterial content in this PRSP rabbit model of pneumonia, whereas a %TϾMIC of 100 for CRO (EC 50 ϭ 99%) never achieved complete eradication. Efficacy was also correlated with AUC/MIC and C max /MIC (r 2 ϭ 0.9). The magnitude of different PK/PD indices for free drug were evaluated on the basis of the protein binding values obtained ex vivo. variable, the PK/PD indices for free drug were difficult to simulate, and there was no Hill slope that could be found significant. Nevertheless, the EC 50 for %TϾMIC was greater than 40% (r 2 ϭ 0.67). For ceftaroline, the PK/PD indices based on free drug concentrations are shown in Fig. 5 . The EC 50 for %TϾMIC was 14.3, which was significantly lower than that required for ceftriaxone, and complete eradication was obtained for a free %TϾMIC of 25.
DISCUSSION
Previous in vitro studies have demonstrated that CPT has excellent broad-spectrum activity, including potent activity against Gram-positive organisms such as MRSA and MDRSP, as well as activity against Gram-negative species, including Haemophilus influenzae, Moraxella catarrhalis, and ceftazidimesensitive members of the family Enterobacteriaceae (4, 18, 25, 28, 29) . The efficacy of CPT in vivo was previously demonstrated against MRSA in a rabbit endocarditis model (22) and against Gram-negative species in mouse thigh and pneumonia models (1) .
In the present study employing simulated human dosing in a rabbit model, we showed that both CPT and CRO, when administered IV, were highly effective against pneumonia induced by CRO-S PSSP or CRO-S PISP strains. Against the PRSP strain, however, CRO treatment (equivalent to a human dose of 1 g daily) resulted in a 2-log-unit reduction in bacterial counts in lungs that did not reach a level of statistical significance. Ceftaroline (equivalent to a human dose of 600 mg twice daily) exhibited superior efficacy, reducing bacterial counts in the lungs and spleen by approximately 8 and 4 log units, respectively, and essentially eradicating the infection.
Ceftaroline administered IM at 5 mg/kg or 20 mg/kg twice daily was also highly effective in reducing PRSP bacterial counts in the lungs and spleen. The 5-mg/kg twice-daily dosage reduced the bacterial burden by approximately 6 log units in the lungs and 3 log units in the spleen, and the 20-mg/kg twice-daily dosage effectively eradicated the infection (the difference in CFU between the two dosages of ceftaroline was not significant). These data suggest an excellent profile and bioavailability for CPT following IM administration.
Our findings suggest that infections caused by S. pneumoniae that are currently treated with CRO may be more appropriately treated with CPT given the increasing prevalence of MDRSP (2, 13, 16) . These infections include community-acquired pneumonia. Ceftaroline may be an effective alternative to CRO where resistant S. pneumoniae is suspected on the basis of local surveillance and antibiogram data.
A treatment regimen of CPT simulating the 600-mg twicedaily dosage in humans was associated with 95% and 100% eradication of pulmonary and splenic bacterial counts, respectively. Data from the IM administration of CPT allowed us to perform a PD analysis and to model a sigmoid dose-response relationship. The %TϾMIC was found to be one of the best PD predictors of efficacy. A %TϾMIC of greater than 30 was strongly predictive of bactericidal efficacy of CPT in this model.
Most of the described murine pneumococcal pneumonia efficacy models (3, 23) utilize immunocompromised animals to avoid spontaneous bacterial clearance and may also use drugs that induce renal insufficiency to avoid rapid antibiotic elimination. Advantages of the rabbit model utilized in the present study include the facts that severe disease can be induced in immunocompetent animals and that pharmacokinetics reflec- FIG. 5 . Relationship between the free drug levels of ceftaroline and the pharmacodynamic parameters %TϾMIC, C max /MIC, and AUC 0--24 /MIC for Streptococcus pneumoniae (all strains combined CRO-S PSSP, CRO-S PISP, and CRO-R PRSP) with the residual bacterial concentration in the lungs after 48 h of therapy. Each symbol represents the value for an individual rabbit. AUC, area under the curve; C max , maximum serum drug concentration; EC 50 , dose necessary to achieve 50% of the bactericidal effect; IM, intramuscular; IV, intravenous; R 2 , coefficient of correlation; %TϾMIC, cumulative percentage of a 24-h period that the drug concentration exceeds the MIC.
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on June 22, 2017 by guest http://aac.asm.org/ tive of human dosing can be simulated using computer-driven infusion pumps. Conclusions. Ceftaroline, a novel cephalosporin recently approved by the FDA for use in acute bacterial skin and skin structure infections and community-acquired bacterial pneumonia has been demonstrated to be highly active against three strains of S. pneumoniae with various susceptibilities to penicillin (CRO-S PSSP, CRO-S PISP, and CRO-R PRSP) in a rabbit model of pneumonia using IV administration with simulated human dosing. Ceftaroline was also effective when administered by the IM route in the PRSP pneumonia model, suggesting an alternative administration option for certain treatment settings. These findings further validate the in vivo bactericidal activity of CPT against pneumococci. Ceftaroline appears to be a promising antimicrobial for the treatment of pneumococcal pneumonia, including infections caused by penicillin-resistant strains.
